ABBREVIATIONS ASA = anterior spinal artery; AV = arteriovenous; AVF = AV fistula; AVM = arteriovenous malformation; CCJ = craniocervical junction; DAVF = dural AVF; DSA = digital subtraction angiography; ECA = external carotid artery; EDAVF = epidural AVF; IQR = interquartile range; JSNET = Japanese Society for Neuroendovascular Therapy; LSA = lateral spinal artery; MIP = maximum intensity projection; mRS = modified Rankin Scale; PAVF = perimedullary AVF; RAVF = radicular AVF; RR = relative risk; SAH = subarachnoid hemorrhage; VA = vertebral artery. In almost all lesions (98%), AV shunts were fed by radiculomeningeal arteries from the vertebral artery that drained into intradural or epidural veins through AV shunts on the dura mater, on the spinal nerves, in the epidural space, or on the spinal cord. In more than half of the lesions (63%), the AV shunts were also fed by a spinal pial artery from the anterior spinal artery (ASA) and/or the lateral spinal artery. The data also showed that the angiographic characteristics associated with hemorrhagic presentations-the most common presentation of the lesions (73%)-were the inclusion of the ASA as a feeder, the presence of aneurysmal dilatation on the feeder, and CCJ AVF Type 2 (radicular AVF). Treatment outcomes differed among the angiographic types of the lesions. CONCLUSIONS Craniocervical junction AVFs commonly present with hemorrhage and are frequently fed by both radiculomeningeal and spinal pial arteries. The AV shunt develops along the C-1 or C-2 nerve roots and can be located on the spinal cord, on the spinal nerves, and/or on the inner or outer surface of the dura mater.
A rteriovenous fistulas (AVFs) at the craniocervical junction (CCJ) are rare vascular malformations found in 1%-2% of patients with intracranial or spinal AVFs. 3, 9, 12 They are associated with acute neurological deficits related to hemorrhagic presentations (subarachnoid hemorrhage [SAH] and intramedullary hemorrhage) or slowly progressive myelopathy due to venous congestion, 2, 15 in contrast to spinal thoracolumbar AVFs that commonly present with venous congestion. 7, 8 Controversy exists regarding the diagnosis of CCJ AVFs given the complexity of their angioarchitecture. They can have intradural, dural, or epidural AV shunts that are fed by the spinal or dural artery and can be located on the spinal cord or dura mater. Prior reports have been based on a small number of patients treated by a single surgeon or at a single institution. The aim of the present retrospective multicenter cohort study was to assess the angioarchitecture of CCJ AVFs and to determine the associations between the angiographic characteristics and the clinical presentations and outcomes.
Methods

Patient Population
The study protocol was approved by the institutional review board at Toranomon Hospital. Because this was a retrospective noninvasive study, written informed consent was not obtained from patients. Participating centers were selected from among members of the Japanese Society for Neuroendovascular Therapy (JSNET) based on a recognized reputation in the treatment of vascular disorders and an expressed interest in study participation. A total of 81 patients with CCJ AVFs were treated at 20 centers in Japan between 2000 and 2015. Of these 81 patients, 54 patients with a total of 59 lesions met the inclusion criteria and were evaluated in this study. Patients were required to have CCJ AVFs defined as intradural, dural, or epidural AV shunt lesions without an intervening nidus located at the C-1 or C-2 vertebral levels. Intracranial AVFs such as marginal sinus AVFs or anterior condylar confluent AVFs or spinal AVFs at the C-3 and lower levels of the spine were excluded from our analysis. Intramedullary AV shunts were also excluded. Patients with angiographic findings without sufficient temporal and spatial resolution were also excluded.
Data Collection
Standardized forms were used to collect the clinical and radiological data, which included baseline patient characteristics (age, sex, presentation), treatment modality, outcome (modified Rankin Scale [mRS] scores at the onset of and 1 month after treatment), as well as angiography and MRI files in DICOM (Digital Imaging and Communications in Medicine) data format. Symptoms, when present, included SAH, intramedullary hemorrhage, venous congestion, and others.
Angiographic Evaluation
All collected angiographic data were reviewed using free DICOM viewer software (OsiriX Lite). Each patient was diagnosed by members of the CCJ AVF study group (K. Sugiu, T.I., H.K., K. Sato, K.T., Y.N., and Y.M.), a panel consisting of 6 neurosurgeons and 1 neuroradiologistneurointerventionalists certified by the JSNET and a spine neurosurgeon certified by the Neurospinal Society of Japan. The CCJ AVFs were diagnostically defined according to the feeding arteries, presumed location of the AV shunts, and draining veins: dural AVF (DAVF), fed by meningeal arteries that drain into intradural veins through AV shunts located on the dura mater; radicular AVF (RAVF), fed by radicular and/or meningeal arteries that drain into radicular veins through AV shunts located on the spinal nerve roots; epidural AVF (EDAVF), fed by radicular and/or meningeal arteries that drain into epidural veins through AV shunts located outside the dura mater; perimedullary AVF (PAVF), fed by spinal pial arteries that drain into intradural veins through AV shunts located on the surface of the spinal cord. Locations of the AV shunts were presumed to be on the dura mater, on the spinal cord, or on the spinal nerves, based on the change in caliber between the feeding arteries and the draining veins.
Statistical Analyses
All calculations were performed using JMP 10 software (SAS Institute Inc.). Clinical and radiological data including baseline patient characteristics (age, sex, presentation), angiographic findings (spinal levels, laterality, feeding arteries, aneurysmal dilatation on the feeding artery, presence of a varix, and venous drainage of the AVF), treatment modality (surgery, endovascular treatment), and outcome (mRS scores) were summarized using descriptive statistics. Baseline patient characteristics, angiographic findings, and AVF type were assessed for association with hemorrhagic presentations based on univariate analyses. Cross-tabulations were generated for each variable, and the Fisher exact test was used. Results were presented as relative risk with 95% confidence intervals. Outcomes were assessed using the Wilcoxon signed-rank test. Statistical analyses were 2-sided, with a p < 0.05 considered statistically significant.
Results
Angioarchitecture
Five angiographic types were found among the 59 lesions (Figs. 1-5 As shown in Table 1 , 42 (71%) of 59 lesions were located at the C-1 level, and there was no laterality. Both DAVF (Type 1) and RAVF (Type 2) commonly developed at the C-1 level (100% and 76%, respectively), whereas EDAVF with or without pial feeders (Types 3 and 4) mainly developed at the C-2 level (75% and 67%, respectively). The arterial feeder of the lesions was the radiculomeningeal artery in 58 lesions (98%), the anterior spinal artery (ASA) in 30 lesions (51%), the lateral spinal artery (LSA) in 16 lesions (27%), the ASA and/or LSA in 37 lesions (63%), and the external carotid artery (ECA) in 7 lesions (12%). The RAVFs, EDAVFs with pial feeders, and PAVFs were commonly fed by the pial feeder supplied from the ASA (100%, 100%, and 83%, respectively) or the LSA (29%, 38%, and 33%, respectively). Aneurysmal dilatation of the feeder was present on the pial artery (vasa corona) supplied from the ASA in 19 lesions (32%).
Venous drainage of the lesions occurred through intradural drainage in 48 lesions (81%), 43 (73%) of which showed ascending drainage. Twenty-two lesions (37%) had epidural drainage. Varices were present on the venous drainage in 10 lesions (17%).
There were disagreements among the panel members regarding the diagnosis of angiographic Types 2 (RAVF) and 3 (EDAVF with pial feeders) based on the location of the AV shunts because of their complex angioarchitecture. In Type 2, the AVF was fed by the radicular or radiculomeningeal artery that drained into the intradural vein and by the pial branch of the ASA that drained into the same intradural vein (Fig. 2) . Disagreement was resolved with subsequent consensus. We referred to the angiographic Type 2 as RAVF because it was interpreted as being fed by the radiculomeningeal artery that drains into the intradural vein through an AV shunt on the spinal nerve, where the pial branch of the ASA joins the same radicular artery and drains in a retrograde direction into the same intradural vein (Figs. 6A and B) . Alternatively, the lesion may constitute a DAVF with pial feeders, which is fed by the radiculomeningeal artery that drains into the intradural vein through an AV shunt on the dura mater, where the pial branch of the ASA joins the same radiculomeningeal artery and drains into the same intradural vein (Figs. 6C and D). Another possibility was the presence of concurrent DAVFs and PAVFs.
In Type 3, the AVF was fed by the radiculomeningeal artery that drained into an epidural vein, and by the pial branch of the ASA that drained into the same epidural vein (Fig. 3) . We referred to angiographic Type 3 as EDAVF with pial feeders because it was interpreted as being fed by the radiculomeningeal artery that drains into the epidural vein through an AV shunt outside the dura mater, where the branch of the ASA joins the same radiculomeningeal artery and drains into the same epidural vein.
Clinical Characteristics
As shown in Table 2 , the median age at presentation was 65 years (interquartile range [IQR] 61-75 years), and there was a male predominance (76%). The most common symptom was SAH (63%), followed by venous congestion (12%), intramedullary hemorrhage (10%), and other symptoms (5%). Six lesions (10%) were asymptomatic. Hemorrhagic presentations (SAH and intramedullary hemorrhage) were more frequent in RAVF (94%) and EDAVF with pial feeders (87%), which had specific types of angioarchitecture, as described above.
Treatment Modality and Outcome
Of the 59 lesions, 28 (47%) were treated with direct surgery only and 8 (14%) were managed conservatively (Table 3) . Fifteen lesions (25%) were treated with endovascular embolization only. Eight lesions (14%) were treated with both direct surgery and endovascular embolization. Glue was used as the embolic material for 17 lesions, and coils were used for 8 lesions. In patients with DAVF, RAVF, and EDAVF, direct surgery with or without interventional radiology was performed more frequently than endovascular embolization (77%, 64%, and 67%, respectively). In contrast, in patients with EDAVF with pial feeders and in patients with PAVF, endovascular treatment was performed more often than direct surgery with or without embolization (50% and 67%, respectively).
Overall, mRS scores improved after treatment (median 
Risk Factors Associated With Hemorrhagic Presentations
As shown in Table 4 
Discussion
We provide details on the angioarchitecture of CCJ AVFs based on a multicenter cohort study of 59 lesions in 54 patients. We found 5 angiographic types of CCJ AVFs based on the feeding arteries, the presumed location of the AV shunts, and the draining veins: Type 1, DAVF; Type 2, RAVF; Type 3, EDAVF with pial feeders; Type 4, EDAVF; Type 5, PAVF (Figs. 1-5 ). In almost all lesions (98%), the AV shunts were fed by radiculo- meningeal arteries from the VA (Table 1) . In more than half of the lesions (63%), the AV shunts were also fed by spinal arteries from the ASA and/or LSA. Moreover, the angiographic characteristics associated with hemorrhagic presentations comprised the inclusion of the ASA as a feeder, exclusion of the ECA as a feeder, the presence of aneurysmal dilatation of the feeder, and the CCJ AVF Type 2 (RAVF; Table 4 ). Treatment outcomes differed among the angiographic types of lesions. To our knowledge, this is the largest case series in the literature on CCJ AVFs in which the complex angioarchitecture was evaluated in detail (Table 5) .
Clinical Presentation and Angiographic Types
In our report, hemorrhagic presentations were the most common symptom (SAH in 63%, intramedullary hemorrhage in 10%). Other studies also reported that SAH was a common presenting symptom in CCJ AVF. 15, 16 In Table 5 , we summarized published CCJ AVF case series with hemorrhagic presentation. Historically, an ascending drainage route into an intracranial vein and venous varices were considered the causes of SAH. 1, [4] [5] [6] 15, 16 In addition, some authors have mentioned that higher venous flow rates are associated with intracranial drainage and the formation of varices leading to SAH. 5, 6 In contrast, we found that inclusion of the ASA as the feeder and aneurysmal dilatations were the risk factors associated with hemorrhagic presentation. Therefore, the CCJ AVF types associated with the ASA as a feeder, such as RAVF or EDAVF with pial feeders, developed SAH more frequently. Similarly, Sato et al. reported 9 cases of CCJ AVF in which 8 patients exhibited an arterial aneurysm on the distal side of the feeding arteries to the PAVF, and in each case, the aneurysm was intraoperatively confirmed as the bleeding point.
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Radiculomeningeal and Pial Feeders of CCJ AVFs
Much controversy exists regarding the diagnosis of CCJ AVFs because of the complexity of the angioarchitecture of these lesions. In reports published in the 1990s, CCJ AVFs were described as DAVFs fed by the radiculomeningeal artery. 6, 10 However, recent advances in angiography allow for the detection of fine vessels, and the spinal arteries have also been found to be involved in CCJ AVFs. In recent reports, the angiographic findings of CCJ AVFs were interpreted as the coincidental development of DAVF and PAVF. 5, 11, 13 In the present study, we found that more than half of the CCJ AVFs (35 [59%] of 59 lesions) were fed by both the radiculomeningeal arteries from the VA and the spinal pial arteries from the ASA and/or LSA. Moreover, 10 lesions with these 2 kinds of feeders were imaged with superselective angiography, and these feeders drained into the same vein. Furthermore, at least 6 patients underwent occlusion of the vein only (that is, spinal pial feeders were left intact), but the procedure resulted in complete occlusion of the AVF and aneurysmal dilatation of the pial feeder. We concluded that these AVFs are direct AV shunts that link both radiculomeningeal and pial feeders with the intradural or epidural vein at the same fistulous point. Considering the anatomical characteristics, we referred to these AVFs as RAVF or EDAVF with pial feeders (Fig. 6) . However, because most of the patients with RAVF or EDAVF with pial feeders did not undergo superselective angiography of each vessel, it is not clear whether both vessels are true feeders of the AVF, or if one is the vessel feeding the AVF and the other is the vessel feeding the normal dura mater or the spinal cord. Furthermore, because of a lack of prior angiograms, it is not clear whether the association between the radiculomeningeal and pial feeders is causal or simply coincidental.
Proposing the Concept "Radiculomeningeal AVF"
In the present study, the locations of the AV shunts were presumed to be based on the change in the caliber between the feeding arteries and draining veins. There were some cases with angioarchitecture and shunt location typical for each type, which can be diagnosed easily; however, in most cases in this study, there were disagreements among the panel members in determining the complex angioarchitecture of CCJ AVFs. It was difficult to precisely localize the AV shunts in most patients because of the complicated arrangements of the fine feeding arteries and draining veins, the limited number of patients with superselective angiography of these feeders, and the lack of information about the neural structures.
Therefore, we propose that the CCJ AVFs should collectively be referred to as "radiculomeningeal AVFs." Radiculomeningeal AVFs have angiographic and clinical characteristics as follows. They have 5 types of angioarchitecture including DAVF, RAVF, EDAVF with pial feeders, EDAVF, and PAVF, and they develop along the C-1 or C-2 nerve roots. They commonly develop on the unilateral side at the C-1 or C-2 level, but sometimes they develop on bilateral sides or at multiple segmental levels. They are fed by the radiculomeningeal arteries from the VA, spinal pial arteries from the ASA and/or LSA, and the meningeal arteries from the ECA. The AV shunts were presumed to be located on the spinal cord, on the spinal nerves, and/or on the inner or outer surface of the dura mater (Fig. 7) . They drain into intradural veins and/or epidural veins. Radiculomeningeal AVFs commonly develop in men in their 60s. They are frequently associated with hemorrhagic presentations including SAH and intramedullary hemorrhage, especially in patients with spinal feeders from the ASA (RR 1.40), without meningeal feeders from the ECA (RR 0.18), with aneurysmal dilatation of the pial feeders (RR 1.64), or with the CCJ AVF Type 2, RAVF (RR 1.73).
Study Limitations
The present study has some methodological limitations. First, it is difficult to precisely localize the AV shunts of CCJ AVFs based on conventional angiography alone. For a preoperative diagnosis, multimodal fusion images from 3D rotational angiography and MRI or CT myelography may be useful because these images provide simultaneous stereoscopic visualization of the vascular system and neural structures.
14 For intraoperative diagnosis, test occlusion of the drainage vein before occlusion of the feeding arteries may be useful to assess whether both radiculomeningeal and spinal feeding arteries connect to the same vein at the same fistulous point or not. Second, this study was conducted using a retrospective approach. Third, we could not confirm the operative findings in all lesions. Fourth, although the present study was a relatively large series, the number of cases for each type is small. In the future, a prospective nationwide study with a large number of patients using advanced imaging techniques and detailed operative findings should be performed.
Conclusions
We propose a new classification system based on angiographic characteristics because the angioarchitecture of CCJ AVFs is more complex than previously recognized. These AVFs are commonly associated with hemorrhage and are frequently fed by both radiculomeningeal and spinal pial arteries that drain into intradural or epidural veins. The AV shunt develops along the C-1 or C-2 nerve roots and can be located on the spinal cord, on the spinal nerves, and/or on the inner or outer surface of the dura mater. 
